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RussiaABSTRACT Cryopreservation is a well-established technique used for the long-term storage of biological materials whose bio-
logical activity is effectively stopped under low temperatures (suspended animation). Since most biological methods do not work
in a low-temperature frozen environment, the mechanism and details of the depression of cellular activity in the frozen state
remain largely uncharacterized. In this work, we propose, to our knowledge, a new approach to study the downregulation of
the redox activity of cytochromes b and c in freezing yeast cells in a contactless, label-free manner. Our approach is based
on cytochrome photobleaching effects observed in the resonance Raman spectra of live cells. Photoinduced and native redox
reactions that contributed to the photobleaching rate were studied over a wide temperature range (from 173 to þ25C). We
found that ice formation influences both the rate of cytochrome redox reactions and the balance between the reduced and
oxidized cytochromes. We demonstrate that the temperature dependence of native redox reaction rates can be well described
by the thermal activation law with an apparent energy of 32.5 kJ/mol, showing that the redox reaction rate is ~1015 times slower
at liquid nitrogen temperature than at room temperature.INTRODUCTIONAlthough cryopreservation techniques play a crucial role in
biological studies, medicine, and industry (1–4), our knowl-
edge about the effects of extreme cryoprotection condi-
tions on cells remains limited, and the development of
experimental techniques to measure cellular activity under
cryopreservation is of great importance. Suspended anima-
tion in cryopreserved samples is achieved via depression of
biochemical reactions by low temperatures (5) and high
viscosity of the frozen matter. The depression of cellular
activity preserves the cell and simultaneously protects it
from the extreme environment around the cryopreserved
sample.
Since cellular activity is accompanied by energy genera-
tion, it is closely interrelated with cellular respiration,
including the operation of the electron transport chain
(ETC). Unfortunately, the effects of low temperatures and
the transition of freezing cells into a suspended-animation
state on cellular respiration processes are not well under-
stood. Although several studies have demonstrated the
depression of respiration activity in cells thawed from the
frozen state (6–9), how respiration activity changes during
cryopreservation remains elusive.
A number of experimental techniques are used to study
cellular respiration under physiological conditions; however,
most of them have to be carried out at temperatures above
those required for extracellular ice formation (6–8,10).Submitted June 26, 2015, and accepted for publication October 26, 2015.
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0006-3495/15/12/2227/8Direct respiration measurements (11–13) are not suitable
for low-temperature studies in which cells are trapped in a
solid matrix. Contactless experimental techniques, such as
optical spectroscopy methods, are considered methods of
choice for low-temperature respiration studies (12,14–16).
However, changes in the optical quality of the sample and
the temperature dependence of the fluorescence efficiency
significantly restrict the capabilities of optical methods that
are based on acquiring an absolute signal.
Raman spectroscopy is a contactless technique that has
been used successfully to study ice distribution (17), eutectic
crystallization (18,19), and cryoprotector concentrations
(17) within and around frozen cells. A powerful capability
of Raman spectroscopy relates to the resonance-scattering
effect of heme-containing proteins. Notably, resonance
Raman spectroscopy can provide information about both
the cytochrome redox state (20–23) and the cytochrome dis-
tribution (21–25).
Recently, an approach that measures redox reaction rates
based on the photobleaching effect of cytochrome resonance
Raman lines was proposed (26). In this approach, laser radia-
tion excites the resonance Raman scattering and therefore al-
lows one to quantify the amount of the reduced cytochromes.
Simultaneously, irradiation changes the cytochrome redox
balance in the cell via photoinduced oxidation processes.
This photoinduced oxidation decreases the amount of reduced
cytochromes and results in photobleaching of the resonance
Raman lines. The photobleaching rate of the resonance
Raman lines versus the irradiation power can be described
by a square function plus a constant, where the square parthttp://dx.doi.org/10.1016/j.bpj.2015.10.033
FIGURE 1 Experimental setup and sample installations in the two cryo-
stages. (A) Experimental setup: 1) spatial filter with a 90 mm pinhole, 2)
dichroic beam splitter, 3) switchable mirrors, 4) sample placed in cryostat,
5) spatial filter with a 120 mm pinhole, 6) edge filter, 7) spectrometer, and 8)
microscope. (B) Sample installation in the vacuum cryostat: 1b) lid window
(280 mm), 2b) top sample window (280 mm), 3b) Teflon ring, 4b) bottom
sample window (~1 mm), 5b) cell suspension, 6b) air separating the sample
(5b) from the Teflon ring, and 7b) metal casing. (C) Sample installation in
the Linkam cryostage: 1c) mica slice (~10 mm), 2c) paraffin, 3c) cell sus-
pension, and 4c) silica glass plate. To see this figure in color, go online.
2228 Okotrub and Surovtsevis responsible for the photoinduced processes and the constant
is responsible for the native cytochrome redox reactions (26).
Therefore, resonance Raman spectroscopy can be used to
characterize the native cytochrome reaction rates of the ETC.
In this work, we studied the redox state of cytochromes b
and c in frozen yeasts using time-resolved resonance Raman
experiments. A detailed investigation of the cytochrome
photobleaching effect allowed us to evaluate the rate of cy-
tochrome redox reactions in the ETC of frozen yeast cells
for a wide range of temperatures.MATERIALS AND METHODS
Sample preparation
Samples were prepared by adding 20 mg of Saccharomyces cerevisiae
instant yeast cell pellets (Instant Dry Yeast; Pakmaya) to 5 mL of an
isotonic saline solution.
In addition, a special experimentwas performedat a high salt concentration.
For this purpose, cellswere suspended in a hypertonic solution (25wt%NaCl)
that was prepared by gradually increasing the salt concentration.Raman experiment
We used a laboratory-built Raman setup (see Fig. 1) based on a modified
microscope (Orthoplan, Leitz) and a monochromator (SP2500i; Princeton
Instruments) equipped with a CCD detector (Spec-10:256E/LN; Princeton
Instruments). We calibrated the spectrometer wavelength using a neon-
discharge lamp. The spectral resolution was ~2.5 cm1. A solid-state laser
(Millennia II; Spectra Physics) at a wavelength of 532.1 nm was used for
Raman scattering excitation, and the beam power was measured with a
photodiode power meter (Lasercheck; Coherent). Irradiation was focused
on an ~1 mm spot of the sample using a 100 air objective with NA ¼Biophysical Journal 109(11) 2227–22340.75 and a working distance of 4.6 mm (PL FLUOTAR L; Leica Microsys-
tems). A system of switchable mirrors was used to switch between the
sample observation and Raman acquisition modes. An edge filter (LP03-
532RE-25; Semrock) was used to suppress the elastically scattered light
by six orders of magnitude.
Two microscope cryostats (an in-house-made vacuum cryostat and a
Linkam cryostage (FTIR600; Linkam)) were used, and both devices
were continuously cooled by the flow of liquid nitrogen vapor as the
refrigerant. The vacuum cryostat offers minimal sample vibrations at
operating temperatures ranging from 195 to þ40C. The Linkam cryo-
stage with the lid window removed provides higher Raman signal
compared with the vacuum cryostat, but it can only be used at tempera-
tures above 30C. To avoid water condensation, the cryostage was
purged by dry nitrogen and partially isolated from room air by a plastic
cylinder. The container used in the vacuum cryostat provided sample aera-
tion (Fig. 1 B), whereas the container used in the Linkam cryostage did
not (Fig. 1 C).
In Raman scattering experiments, a single cell was exposed to a constant
power of the laser beam. The sequence of Raman spectra (up to 40 scans)
was measured at an integration time optimized for a particular photo-
bleaching rate (which varied from 2 s to 2 min for different temperatures).
For every experimental condition of the time-resolved Raman experiment,
10–40 cells were analyzed.Sample freezing
The vacuum cryostat has good thermal isolation and can be used success-
fully in a wide range of temperatures. For experiments using the vacuum
cryostat setup, a drop of the cell suspension (~1 mL) was placed into a her-
metic sandwich between two silica glass plates and a Teflon ring (Fig. 1 B).
A sample droplet was separated from the Teflon ring by air, resulting in
sample aeration. Vacuum sealing of the sandwich was achieved via the
metal housing. The temperature of the sample holder was monitored via
a thermocouple and stabilized with a PID controller. Spontaneous extracel-
lular ice formation was detected by visual observation. When the vacuum
cryostat was used, spontaneous ice nucleation was observed in the temper-
ature range from 15C to 20C.
In experiments with the Linkam cryostage, the cell suspension was
placed on a fused silica slide, covered with a piece of mica, and sealed
with paraffin (see Fig. 1 C). The suspension had no contact with air, and
thus the samples were nonaerated. The sample-holder temperature was
measured and manipulated with the use of a controller (T95; Linkam).
The flow of liquid nitrogen vapor was minimal to maintain the set temper-
ature. This cryostage was used in a temperature range of þ25C to 30C.
Spontaneous ice formation was observed in a temperature range of5C to
10C.
All experiments were carried out at a cooling rate of 1–2C/min,
which corresponds to a high probability of yeast survival (27). This cool-
ing rate is believed to be slow enough to provide effective yeast cell
dehydration. In agreement with this, we observed cell shrinking in our
experiments.
After ice formation was observed, Raman scattering was measured from
single cells trapped in ice without neighbors. The temperature in the irradi-
ated area of the cell was additionally controlled by the position of the ice
Raman peak at ~3100 cm1. Representative Raman spectra of ice can be
found elsewhere (18). Importantly, the position of the ice Raman peak
shows a significant temperature dependence, which can be used to estimate
the actual cell temperature. In the vacuum cryostat, laser overheating was
estimated to be approximately or less than 3C (compared with the average
sample temperature measured by the thermocouple). When the Linkam
cryostage with the lid window removed was used, the difference between
the temperatures measured by the sensor and those estimated from the
Raman spectra reached 10C at the lowest temperature. The temperature
extracted from the ice Raman peak position was used as the actual temper-
ature of the frozen samples.
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Temperature dependence of the cytochrome
resonance Raman lines’ intensity
The Raman spectrum of yeast cells measured with a 532 nm
laser excitation contains a contribution from the resonance
Raman lines of cytochromes. The contribution of the cyto-
chrome lines decreases with the laser exposition (26).
Representative Raman spectra of the yeast cells at room
temperature and in the frozen state (–100C) measured at
the beginning and end of irradiation exposure are shown
in Fig. 2. All Raman spectra of yeast cells consist of the
same set of lines. Here, the Raman modes of interest are
the CH deformation mode (dCH) at 1450 cm1 and the reso-
nance Raman lines of cytochromes b and c (749, 1129, and
1586 cm1) (28) (for detailed line assignments, see Table S1
in the Supporting Material). The intensity of the cytochrome
Raman lines depends on the resonance enhancement, which
is high for the reduced cytochrome state (Fe2þ) and is lower
by a few orders of magnitude for the oxidized cytochrome
(Fe3þ) (20). Therefore, the Raman intensity of the cyto-
chrome lines can be used to evaluate the amount of reduced
cytochromes.
As shown in Fig. 2, the intensity of the cytochrome lines
decreases under irradiation (see also Fig. S3). This photo-
bleaching effect is caused by the photoinduced cytochrome
oxidation, and the photobleaching rate depends on the tem-
perature. To evaluate the temperature dependence of the
photobleaching, we measured time-resolved Raman spectra
at each temperature.
The line at 749 cm1 corresponding to the heme pyrrole
rings’ breathing mode (28) was chosen to characterize the
cytochrome’s contribution to the Raman spectrum. Since
absolute Raman intensity measurements are prone to sys-FIGURE 2 Raman spectra of yeast cells. The spectra are vertically shifted for
at the beginning of irradiation and after 2.5 min of irradiation exposure, and froz
of exposure. The photoluminescence background was corrected in linear appro
cytochrome, and the shadow stripe marks the dCH mode. To see this figure in ctematic errors, the intensity ratio of the line at 749 cm1
(I749) and of the dCH mode (IdCH) was considered. Accord-
ing to Hu et al. (28), the dCHmode does not overlap with the
resonance modes of the cytochrome heme. The method used
to calculate the I749/IdCH ratio is described in Supporting
Materials and Methods.
The photobleaching response was described using an
exponential decay fit (26):
I749
IdCH
¼ y0 þ ðA y0Þ  et=t; (1)
where t is the photobleaching time, the y0 constant is pro-
portional to a stationary amount of the reduced cytochromes
under irradiation, and A is the initial ratio, which is pro-
portional to the amount of reduced cytochromes without
irradiation.
We determined the parameters of the photobleaching
response from the fit of experimental data using Eq. 1.
The temperature dependencies of the parameters A and y0
are shown in Fig. 3, A and B, respectively. For these param-
eters, no significant temperature dependence was observed
below the temperature of ice formation (TIF ~ –15
C). The
magnitudes of A and y0 above TIF depended on the freezing
protocol. When the protocol with aeration of the sample was
used, the contribution of the reduced cytochrome was low at
high temperatures and increased below TIF (Fig. 3, A and B).
Notably, a similar increase was observed for the ATP con-
centration in Psychrobacter cryohalolentis that was incu-
bated and thawed from temperatures below 15C (10).
When the sample was sealed without oxygen, it showed
higher cytochrome contributions above TIF (Fig. 3, A and
B). In contrast, the magnitude of the cytochrome contri-
bution was similar for aerated and nonaerated cells atconvenience. Order of spectra (from top to bottom): yeast cells (T¼þ25C)
en yeast cells (T ¼ 100C) at the beginning of irradiation and after 30 min
ximation. The arrows and vertical dashed lines denote Raman peaks of the
olor, go online.
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FIGURE 3 (A–C) Temperature dependencies of the fit parameters of Eq. 1: A (A), y0 (B), and t
1 (C). Data obtained using 2.4 mW irradiation for aerated
(circles) and nonaerated (squares) samples are presented. Open symbols correspond to the ice-free solution and solid symbols represent the solution with
extracellular ice. Yellow stars mark parameters determined for samples that were reheated after freezing. The green diamond denotes data obtained from
25 wt % NaCl. Up and down triangles correspond to t1 of the aerated samples under 4.8 mW and 1.3 mW of laser power, respectively. Solid lines were
calculated as described in the text. Symbols represent mean5 SEM (n R 10). To see this figure in color, go online.
2230 Okotrub and Surovtsevtemperatures below TIF. The effects of ice formation on the
intensity of the cytochrome contribution were also directly
observed in an additional experiment described in Support-
ing Materials and Methods (see Fig. S4).
The cytochrome photobleaching rate (t1) did not show a
significant temperature dependence above TIF (Fig. 3 C).
Samples that had access to oxygen showed higher photo-
bleaching rates, indicating higher redox activity. The photo-
bleaching rate gradually decreased below TIF and reached a
low-temperature plateau below 80C (Fig. 3 C; note that a
logarithmic scale is used for t1). Since the photobleaching
rate has a peculiar irradiation power dependence (26), the
temperature dependence of t1 was studied in detail for
three irradiation powers (Fig. 3 C). As expected, different
photobleaching rates were observed for different powers.
This difference can be well explained by the contributions
from photoinduced and native redox reactions, which is
further discussed in the next section.
Extracellular ice formation is known to increase the con-
centration of the solute. Therefore, the effects of extracel-
lular ice formation seen in Figs. 3, A–C, and S4 could be
due to an increase in the salt concentration around the yeast
cells. If this were true, the increase in the salt concentration
around yeast cells at room temperature would be expected
to affect the photobleaching rate and cytochrome redox
state in a manner similar to that observed for ice formation.
To test this possibility, we studied the Raman spectra of theBiophysical Journal 109(11) 2227–2234yeast cells in 25 wt % NaCl solution at T ¼ þ25C (irradi-
ation power 2.4 mW). Interestingly, we found that the high
salt concentration had the opposite effect of ice formation,
and the contribution of the reduced cytochrome was
decreased when the high salt concentration was used (see
Fig. 3, A and B). We suppose that the decreased contribution
of the reduced cytochrome in cells in the hypertonic solu-
tion could be explained by the osmotic stress (29,30). No
influence of the high salt concentration was found for t1
(Fig. 3 C). Thus, the effects of ice formation on the rate
of cytochrome redox reactions and redox balance (Fig. 3,
A–C) were not caused by the increased salt concentration
around the yeasts.
To test whether the temperature effects presented in Fig. 3
were caused by irreversible freezing damage, we performed
an experiment with yeasts reheated after freezing (freezing
temperature: 100C; irradiation power: 2.4 mW). The
reheated yeasts demonstrated the same parameters as yeasts
that were directly cooled to the reference temperature
(Fig. 3), showing that the effect of temperature on the pho-
tobleaching rate did not result from irreversible freezing
damage.Cytochrome redox activity in freezing cells
Next, we used the photobleaching process to investigate
cytochrome redox activity in the ETC of freezing cells. In
Cytochrome Redox State in Frozen Cells 2231the framework of the model we proposed previously (26),
the photobleaching response comes from photoinduced
and native redox reactions. The rate of the photoinduced
process has a quadratic dependence on the irradiation inten-
sity. Native redox reactions are related to the operation of
the ETC and run independently of the irradiation intensity.
Thus, the power dependence of the photobleaching rate
can be described as (26)
t1ðPÞ ¼ kdark þ aP2; (2)
where kdark is a constant related to the rate of native redoxFIGURE 5 Temperature dependencies of the a coefficient (solid circles,
left axis) and kdark (empty circles, right axis). Solid lines are fits by the ther-
mal activation law for kdark and by the sum of the thermal activation law and
a constant for a. Error bars denote standard error. To see this figure in color,
go online.reactions, a is a coefficient of the photoinduced reaction,
and P is the irradiation power.
Both items in Eq. 2 can be temperature dependent. To
clarify their contributions to the observed temperature
dependence of t1 (Fig. 3 C), we studied the irradiation po-
wer dependence of t1 at several different temperatures
(Fig. 4). The power dependence observed at þ25C agreed
with our previous results (26). In addition, the data obtained
at 30C, corresponding to the frozen sample, were well
described by Eq. 2 (Fig. 4). We conclude that Eq. 2 is also
valid at temperatures below TIF. The power dependencies
of t1 measured at different temperatures were fitted by
Eq. 2 (Fig. 4). The temperature dependencies of kdark and
the a coefficient are shown in Fig. 5. The rate of the native
reactions decreased with decreasing temperature and van-
ished in the limit of low temperatures. Therefore, the plateau
in the temperature dependence of t1 below 80C (Fig. 3
C) is associated with the photoinduced process.
The coefficient a determined from the fit by Eq. 2 also
decreased when the temperature decreased. The second
term in Eq. 2 could be a result of the direct two-photon ab-
sorption and/or a chemical reaction of the cytochrome withFIGURE 4 Irradiation power dependence of t1 at different tempera-
tures. Solid and open circles correspond to aerated and nonaerated samples,
respectively. Dashed lines are fits by Eq. 2. The thick solid line shows the
power dependence obtained at T¼þ25C (26). Symbols represent mean5
SEM (nR 10). To see this figure in color, go online.two molecules of the intermediates released in photoreac-
tions (26). Both scenarios lead to a quadratic power depen-
dence. A finite t in the solid surroundings (T ¼ 173C;
Fig. 3 C) implies a localization of the photobleaching
processes within the low-temperature limit. On the other
hand, a(T) showed a fourfold decrease in the temperature
range of 10 to 65C (Fig. 5), which is inconsistent
with local two-photon-like processes only. We hypothesize
that at least two different channels contribute to the photo-
induced item in Eq. 2. The first channel is localized and
temperature independent, whereas the second channel can
be described by the thermal activation law. The activation
energy of a(T), 21.3 (515%) kJ/mol, was determined
from the fit (Figs. 5 and S5).
The temperature dependence of kdark extracted from the
photobleaching experiment is shown in the Arrhenius plot
in Fig. 6. This temperature dependence can be well
described by the thermal activation law with an activation
energy of 32.5 (58%) kJ/mol. The lines in Fig. 3 C illus-
trate that Eq. 2 with the activation law for kdarkðTÞ and the
sum of the thermoactivated and temperature-independent
contributions for aðTÞ can describe the experimental
t1ðTÞ below TIF.DISCUSSION
Understanding the freezing process and frozen cells is of
great importance for fundamental cryobiology and for prac-
tical cryopreservation tasks. One of the most significant
effects that occurs in freezing cells is depression of their
metabolic activity. We proposed to use the redox reaction
rate of cytochromes as an indicator of frozen cell activity,
and applied, to our knowledge, a new label-free approachBiophysical Journal 109(11) 2227–2234
FIGURE 6 Temperature dependence of kdark (T) in the Arrhenius plot. At
T ¼ 100C, the experimental value of kdark is 0 5 1.7  105 s1 and
only the upper limitation of kdark is seen. The line is the fit by the thermal
activation law (R2 ¼ 0.98). Error bars denote standard error. To see this
figure in color, go online.
2232 Okotrub and Surovtsevbased on the photobleaching effect of the cytochrome reso-
nance Raman lines to investigate the cytochrome redox bal-
ance and redox reaction rate. To our knowledge, this is the
first study to examine cytochrome redox activity directly
in freezing yeast cells. The important outcomes of our study
are that 1) extracellular ice formation can result in the cyto-
chrome reduction, and 2) the temperature dependence of the
native redox reaction rates of cytochromes can be described
by the thermal activation law.
The observed effects of ice formation on cytochrome
reduction (Figs. 3 and S4) could be related, at least partially,
to oxygen deficiency. After ice formation occurs, the
cells become trapped inside small liquid brine inclusions
(18) and all available oxygen is dissolved within the trap.
Oxygen deficiency is believed to result in a reduction of
cytochromes b and c via inactivation of the cytochrome
oxidase complex (31,32). The increase in the reduced cyto-
chrome concentration observed for aerated samples below
TIF (Fig. 3 A) can be explained by the slowdown of the elec-
tron flow in the ETC caused by anoxia. The same mecha-
nism can explain the high concentration of the reduced
cytochrome in nonaerated cells above TIF (Fig. 3 A). This
interpretation agrees with the low-temperature anoxia hy-
pothesis (33).
Our experiments also show the temperature dependence of
photoinduced and native redox reaction rates. Themagnitude
of these rates is determined by the chain of reactions involved
in the redox balance. Effectively, if one step of the chain is
much slower than the others, its reaction rate will determine
the overall reaction rate of the chain. It appears that below
TIF, this slowest step demonstrates a strong temperature
dependence on the photoinduced and native redox reaction
rates (Figs. 3 and 5). However, above TIF, these reaction ratesBiophysical Journal 109(11) 2227–2234are largely temperature independent (Fig. 3). This implies
that ice formation at TIF results in a change in the reaction
rate of some ETC reactions. Although the exact reasons for
this change are not clear, it could be explained by factors
such as changes in the salt concentration, the effects of
temperature on mitochondrial membranes and/or protein
properties (34–37), anoxia effects, or changes in the metab-
olite concentration in solution (in the case of trapped cells).
Further investigations are needed to clarify this point.
Below TIF, the temperature dependencies kdarkðTÞ and
a(T) were described by the thermal activation law (Figs.
5, 6, and S5). The thermal activation energy for a(T),
21.3 kJ/mol, corresponds to the redox potential difference
of ~220 mV, which is comparable to the standard reduction
potential (160 mV) for the conversion of molecular oxygen
to superoxide (38). The thermal activation law for kdarkðTÞ
implies that at temperatures below TIF, the ETC is inacti-
vated without any abrupt intermediate transitions, which
potentially could be caused by changes in the protein con-
formations or mitochondrial membrane properties. The
evaluated activation energy of kdarkðTÞ (32.5 kJ/mol) is close
to the energy of the phosphate bond of ATP, which is
involved in the regulation of ETC activity (5,38). On the
other hand, the activation energy of kdarkðTÞ corresponds
to the redox potential difference of ~340 mV, which is com-
parable to the potential redox differences in the ETC
(38,39). However, it is challenging to unambiguously assign
the ETC site that is responsible for the barrier of kdarkðTÞ.
The temperature dependence of the native redox reaction
rate extracted from the photobleaching experiment sheds
light on the slowdown of cellular activity in freezing cells.
The characteristic time of the native reactions at liquid nitro-
gen temperature (196C) estimated from the activation
law of Fig. 6 is ~1017.7 (52.2) s, which is 1015 times higher
than the time required at room temperature. If we consider
cytochrome redox reactions as the representative process
of cellular activity, we conclude that frozen cells can be
stored in liquid nitrogen for 1010 (52.2) years. This evalua-
tion exceeds the characteristic time of carbon exchange in
Arctic bacteria, which is ~108 years at 40C (40).
On the other hand, the proposed activation law (Fig. 6)
implies a rapid shortening of the native redox reaction
rate with increasing temperature (for example, t is about
1000 years at 150 (510)C, 10 h at 80C, 20 min at
40C, and ~1 min at þ25C). The reaction rates extracted
from the cytochrome photobleaching experiments can be
used to predict the temperature dependence of the biological
response in a particular cryopreservation protocol.CONCLUSIONS
In this work, we studied the state and activity of the ETC in
freezing yeast cells using a time-resolved resonance Raman
approach. We showed that photobleaching of the resonance
Raman lines is a useful tool for characterizing the redox
Cytochrome Redox State in Frozen Cells 2233activity of cytochromes in cells. Our proposed label-free
approach is universal and can be applied to study the effects
of freezing on the ETC state in different aerobic life forms.
This study revealed that ice formation can influence the
rate of cytochrome redox reactions and the balance between
reduced and oxidized cytochromes. We propose that the
cytochrome reduction results from low-temperature anoxia.
We evaluated the temperature dependence of the rate of
native redox reactions by conducting cytochrome photo-
bleaching experiments. This rate was found to be well
described by the thermal activation law with an apparent
energy barrier of ~32.5 kJ/mol, demonstrating that the redox
reaction rate at liquid nitrogen temperature is ~1015 times
slower than that at room temperature.
Various biological processes are driven by the operation
of the ETC. This study opens new avenues for obtaining
contactless, label-free, single-cell characterizations of the
ETC. Our method for measuring the rate of native redox re-
actions in situ can be extended to other applications as well,
such as investigating the cell cycle, the effects of drugs on
cell activity, and anoxia.SUPPORTING MATERIAL
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